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Abstract
The damage caused by the disaster impact the economy, society, and the environment evidently in recent years. The management 
of disaster risk is attached more importance. The cost-benefit analysis (CBA) and disaster risk analysis (DRA) are used gradually 
widely in the disaster risk management. In the disaster risk mitigation, the investment in the risk mitigation is considered as the 
cost, the reduction of the damage caused by the risk mitigation is considered as the benefit. In this paper, an optimization model 
is put forward based on the CBA and DRA. The model is helpful for the decision of the disaster risk mitigation investment,
especially in the large engineering.
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1. Introduction 
Emergency incidents and disasters stem from a range of natural, biological, technological, industrial and other 
human phenomena, and induce significant social and economic costs to the nations. These costs include direct 
damage to property, infrastructure and facilities; financial costs and indirect economic losses; fatalities, injuries and 
illness; impairment of ecosystems and loss of biodiversity; and social and cultural losses.
Over the last several decades, the number of reported natural disasters and emergency incidents, with their impact 
on human and economic development worldwide has been increasing yearly. Existing records, while less reliable 
before 1980, can be traced back to 1900. This longer time period also shows a relentless upward movement in the 
number of disasters and their human and economic impacts. Earthquakes, storms, and other hazards killed about 3.3 
million people between 1970 and 2010, an annual average of 82,500 deaths worldwide in a typical year, a small 
fraction of the roughly 60 million who die every year and of the 1.27 million killed in traffic accidents alone[1].
In the future, there are two powerful trend will induce the change of Emergency incidents and disasters: 
burgeoning cities and a changing climate. The latest United Nations (UN) estimates suggest that, globally, the urban 
population exceeded the rural for the first time in 2008[2]. The density of people and economic activity in growing 
urban area will change the risk impact. The cities work as the engine of economy growth, so work force and also the 
firms like to locate, which will make the asset value in the urban area growing higher. The exposure of economic 
assets to Emergency incidents and disasters in cities will also grow [3].
The recent studies suggest that a doubling of greenhouse gas concentrations could increase tropical cyclone 
damage by 54 percent to 100 percent in the United States and double tropical cyclone damage globally [4]. The 
climate change will also induce the population and economics assets exposed to the extreme events.
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To reduce the consequence of the emergency incident or disaster, the resources are allocated. Among the 
responses to the emergency incident and disaster, prevention and recovery are the two main ways to the disasters. 
Prevention is the activities undertaken before crisis to control or mitigate its impact, so that the damage can be 
prevented or reduced. Recovery means the activities undertaken after a disaster to restore the economic or social 
system to former conditions before disaster. In many cases, the prevention of disaster is more effective than the 
recovery [5]. In most cases, the individual and government need to make decision to choose the proper measures 
among all prevention and all recovery based on the cost-benefit analysis.
In this paper, one theoretical decision model was put forward based on the disaster risk analysis (DRA) and cost-
benefit analysis (CBA).
2. The frameworks of cost-benefit analysis(CBA) and disaster risk analysis(DRA)
2.1. The frameworks of cost-benefit analysis (CBA)
Cost-benefit analysis (CBA) is an assessment tool used to determine the economic efficiency of a potential or 
already implemented activity. If the economic returns produced by the activity (benefits) are more than the amount 
spent to implement the activity (costs), then the activity is considered economically efficient.
CBA generally involves three basic steps. Firstly, it is necessary to indentify the benefit and cost of an activity. 
Secondly, assigning monetary of the values to the benefit and cost was necessary. Thirdly, discounting all future 
benefits and costs to present values should be done. Then the decision makers can make decision based the net 
present value (NPV, discounted future benefits minus discounted future costs).
There are several limitations to CBA. One is the difficulty of assessing nonmarket values. Although methods 
exist, particularly regarding the value of human life. Another issue is the lack of accounting for the distribution of 
benefits and costs in CBA. The general principle underlying CBA is the Kaldor-Hicks-Criterion, which holds that 
benefit from a specific project should potentially be able to compensate those who are disadvantaged by it. Another 
issue is the question of discounting. It is difficult to choose the appropriate discount rate to discount the benefits and 
costs caused by the project. Although the cost-benefit analysis has some limitations, it still can be used as a powerful 
tool whose main strength is an explicit and rigorous accounting framework for systematic cost efficiency decision 
making. CBA also be used in disaster mitigation analysis in public sectors such as US and Australia and so on [6][7].
2.2. The frameworks of disaster risk analysis (DRA)
Risk management can be broken down into three components (Fig. 1. (a)). The first step is the identification of 
risks, followed by second step, an analysis of their potential impact. If a specific risk is considered large, the third 
step risk control measures should be considered. These may be mitigation measures that reduce risk or the transfer 
of risk to other parties.
For disaster risk management, it also follows the standard risk management process above. In general definition, 
risk is the probability of a harmful occurrence with a specific force at a specific location and at a specific time. It is 
well recognized that risk is related with the probability of the harmful occurrence and the impact it induced [8].
For the emergency and disaster risk, it is related with two elements- hazard and vulnerability. Hazard is related 
with the probability of occurrence of the harmful disaster event. And vulnerability is related with the susceptibility 
to injury or damage when the event occurs and the ability to protect against it. So the disaster can be expressed as 
the function of hazard and vulnerability as follows:
Disaster risk = Hazard h vulnerability
In the disaster risk analysis, it is necessary to take hazard analysis and vulnerability analysis. Hazard analysis 
involves determining the type of hazards affecting a certain area with specific intensity and frequency.
In hazard analysis, disasters and their causes and the resulting impact chains should be identified, analyzed and 
documented. Knowledge of the types of hazard is essential for analyzing and assessing risks. To be able to estimate 
and evaluate the degree of risk and the characteristics and scale of possible loss from disasters, it is necessary not 
only to estimate the probability of occurrence but also to investigate the force and duration of the event. It is 
necessary to establish how far the system is potentially affected by the event. If there is no vulnerable system at the 
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site of the hazard, no hazard analysis is required. The disaster also will not induce damage.
Vulnerability analysis studies the ability of a system (or element) to withstand, avoid, neutralize or absorb the 
impacts of hazardous events. Before the analysis of the vulnerability of specific system, the hazards and the 
locations they threaten must be identified. Without extreme natural events as a hazard, there are no vulnerable 
elements, hence no hazard, and vice versa. The vulnerability of the system is linked to the social, cultural and 
economic processes developing there. Vulnerability is assessed by the potential loss resulting from the hazards. In 
order to estimate vulnerability, it can be defined more narrowly as a function of exposure of elements and Fragility. 
Exposure of elements means the people, assets and the environment exposed to a hazard. Fragility means the degree 
of damage of elements due to the intensity of hazards.
Fig. 1. (a) Risk management process; (b) Risk management process with CBA
2.3. The integration of cost-benefit analysis and disaster risk analysis
In recent years, the governments of many nations attach importance to the disaster risk management. But 
generally the governments prefer emphasizing the emergency aid after the disaster to risk mitigation before the 
disaster. Although in many cases, it will cost more for the former. For some governments, they also need 
demonstrate the efficiency to the stakeholders when they invest in some disaster reduction. In other cases, the 
decision makes also need a theoretical approach to optimizing the investment in disaster, especial in the limited 
budget. The CBA can work as a useful tool in the disaster risk management. So CBA can be integrated in the 
standard process of risk management (see Fig. 1. (b))
The application of CBA in disaster risk discussed here is mainly using for evaluating disaster risk mitigation 
projects (see Fig.2).
The risk analysis without risk management will estimate the disaster risk based on the hazard and vulnerability 
before the risk management investment. Then based on the assessment of risk, potential risk management projects 
and alternatives can be identified. The costs of the disaster risk management in a CBA are the specific costs of 
conducting a project, including investment and maintenance costs. After that, the benefits of reducing risk are 
estimated. The Benefit of disaster risk management projects come from the reduction of damage from the disaster 
event through the impact on mainly vulnerability of the system. Finally, economic efficiency is assessed by 
comparing benefits and costs according to the CBA.
1. Risk analysis without risk 
management investment
2. Identification of risk management 
measures and associated costs 
3. Risk analysis with risk 
management investment
Hazard:
- Intensity
- Frequency
Vulnerability:
- Exposure
C
ycle
1.Risk identification
2.Risk analysis
3.Risk control
Mitigation Risk transfer
Risk retain
Residual risk
C
ycle
1.Risk identification
2.Risk analysis
3.Risk control
Mitigation Risk transfer
Risk retain
Residual risk
4.Cost-
Benefit
analysis
194   Lin Ze-fu and Jia Chuan-liang /  Systems Engineering Procedia  5 ( 2012 )  191 – 197 
Fig. 2. CBA in the risk mitigation 
3. The theoretical decision model of disaster risk reduction investment
3.1. The quantitative model of disaster risk analysis
Based on the framework of disaster risk analysis mentioned above, we can express the model in quantitative 
approach. In the quantitative model, the disaster risk caused by certain hazard (Ri) can be expressed as the expected 
loss of certain system in certain period. Hazard can be briefly expressed as the expected frequency of the hazard 
events happen in certain Intensity level (EFi). In the vulnerability analysis, exposure can be express as maximum 
potential loss of system caused by disaster in brief when the prevention the system defaults (MPLi); fragility can be 
expressed as the possibility of the prevention system defaults (PFi). So the model can be shown as follows:
iiii EFPFMPLR uu                                                                                    (1) 
In this model, the disaster risk can be estimated through the hazards and vulnerability analysis. The value of the 
three parameters in the model generally can be estimated based on the historical data or the experts estimate.
3.2. The optimization model in the disaster risk mitigation investment decision
3.2.1 The description of the model
As a special investment form, the role of disaster risk mitigation investment is to reduce the disaster risk. The 
return of the investment is from the reduction of the disaster risk. Based on the framework of cost-benefit analysis 
and disaster risk analysis, the optimization model in the disaster risk mitigation investment decision will be put 
forward.
3.2.2 The main hypotheses of the model 
1) Each type of disaster happens independently, which means the damage caused by different disasters will not 
interfere with each other. It is a coarse assumption for the theoretical analysis.
2) The risk mitigation investment can work independently. When there are several disaster alternatives in risk 
mitigation investments set down at the same time, they will reduce the risk independently by the impact of 
possibility of the prevention system defaults (PFi). The overall impact of the possibility of the prevention system 
defaults (PFi) affected by total investments is the product of the possibility of the prevention system defaults (PFi)
when each investment works separately.
3.2.3 The description of the variables in the model
m denotes the number of disaster risk mitigation alternatives in the place;
Ij denotes the cost of the risk mitigation investment j; the cost includes the cost of building and maintaince cost in 
the life cycle of the investment.
I denotes the limitation of the budget in the disaster risk management.
N denotes the number of hazards.
MPLi denotes maximum potential loss of system caused by disaster i when the prevention the system defaults
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PFi denotes the possibility of the prevention system defaults caused by disaster i.
3)ij denotes the possibility of the prevention system defaults caused by disaster i after risk mitigation investment j.
EFi denotes the expected frequency of the hazard events happen in certain Intensity level.
K denotes the period the risk mitigation investment be effective.
r denotes the discount rate in the cost and benefit analysis.
NPV denotes the net present value caused by the risk mitigation investment.
Ri denotes the value of risk before the risk mitigation investment.
Ri’ denotes the value of risk after the risk mitigation investment.
Rij’ denotes the value of risk after the risk mitigation investment j.
R0
* denotes threshold value of the disaster risk. For the characteristic of the risk, reasonable investors will accept 
certain risk level, and will not reduce the risk level below the threshold value.
Xij is decision variable, which is a 0-1 variable, denotes weather choose the disaster risk mitigation investment j
for risk i.
3.3. Objective function of the model
In the disaster risk mitigation investment, the decision maker is also a reasonable investor. The objective in the 
model like the investment in other fields is the maximization of the return of investment. So the objective function in 
the model can be expressed as follows:
MaxNPV                                                                                                                     (2)
Based on the hypothesis one, there are m risk mitigation alternatives to the disaster i, then the final possibility of 
the prevention system defaults after the risk mitigation take effect.
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The net present value of the disaster risk mitigation investment is:
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3.4. Constraint condition
Because of the budget used in the disaster risk management generally is limited, so:
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Because of the limitation of financial resources, and the characteristic of the disaster risk, the reasonable decision 
maker generally will tend to accept certain risk level, and will not to increase the investment in the risk mitigation 
when the disaster risk is below the threshold value, so:
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4. Computational example
In one engineering project, the decision should be made based on the following information:
The budget of disaster risk management I=1000; the threshold value of the disaster risk in this project R0
*=8000;
The other information available in this example including: r=10%; K=2
According to the evaluation, the risk elements existed in the system are shown as following:
Table 1. Risk elements in the system
Ri(i=1ˈĂĂ6) 1 2 3 4 5 6
MPLi 1500 940 930 850 1340 1490
PFi 0.33 0.35 0.26 0.22 0.19 0.23
EFi 6 8 11 9 10 7
The investments can be used in the disaster risk mitigation are identified as following:
Table 2. Risk elements in the system
j 1 2 3 4 5 6
Ij 300 180 320 170 250 160
The possibility of the prevention system defaults caused by disaster i after risk mitigation investment j, 3)ij ,is 
estimated as following:
Table 3. 3)ij in the system
j
i
1 2 3 4 5 6
1 0.63 0.6 0.6 1 1 0.69
2 1 0.7 1 0.5 0.75 1
3 0.72 1 0.6 1 1 1
4 1 0.7 1 0.7 0.56 0.75
5 0.67 1 0.7 1 0.61 0.62
According to the model built up in this paper from formula (1) to formula (9) which is a typical 0-1 programming 
problem, the decision variable is Xij. By the computational tools such as programming solver of MS, the optimization 
result can be got as following:
Table 4. The solution of the model
j
i
1 2 3 4 5 6
1 0 1 0 0 0 0
2 0 0 0 1 0 0
3 0 0 1 0 0 0
4 0 0 0 1 0 0
5 0 0 0 0 0 1
The Net present value (NPV) of the risk mitigation investment in the system is 6277.18, and the total investment 
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in this risk mitigation is 1000. 
The risk level after the investment comparing with that before the investment is listed in the following:
Table 5. The risk level before and after the investment
i 1 2 3 4 5 6
Ri 2970 2632 2660 1683 2546 2970
Ri’ 1634 1369 1662 1111 1579 1634
percentage educed 45.00% 48.00% 37.50% 34.00% 38.00% 45.00%
This model can be a theoretical analysis tool to analyze the disaster risk and its management, and it also can be 
used as a useful tool in the investment decision making.
5. Conclusion and remarks
The damage caused by the disaster impact the economy, society, and the environment evidently. The disaster risk 
management is an important topic for the researchers. Cost-benefit analysis (CBA) is an important tool in the project 
appraisal and selection. For disaster risk mitigation, the efficiency is also the issue need to care. So the CBA can be 
used in disaster risk analysis and mitigation. For the risk mitigation, the cost is mainly made up by the build-up cost 
and maintaince cost. The benefit comes from the reduction of the damage caused by the disaster. So based on the 
cost-benefit analysis (CBA) and disaster risk analysis (DRA), an optimization model is built up in the condition of 
financial resources being limited. It is a 0-1 integer programming. The model will optimize the decision on the 
disaster risk mitigation investment, which can be served as a theoretical analysis tool also as a useful method in the 
practice.
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